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Transgenic mouse alleles continue to be used heavily in biomedical research (1) . Transgenes insert into the genome at random sites, typically in a tandem array of 1 to 20 copies. Both Southern blot analysis and real-time PCR can be used for determining the zygosity of transgenes, but each have practical and technical limitations (2) (3) (4) . Here we describe a robust, easily implemented method for determination of zygosity of transgene alleles, which gives a clear, reproducible distinction between 1 versus 2 alleles. The method uses the multiplex ligation-dependent probe assay (MLPA) with a competitor oligonucleotide. MLPA is a widely used method for assessing the relative copy number of multiple genomic sequences in a DNA sample (5) . During MLPA, an oligonucleotide ligation reaction is performed, followed by PCR using a fluorescein-conjugated primer, such that the amount of PCR product generated for each genomic sequence is directly proportional to the number of input copies ( Figure 1A , left).
For this MLPA assay, genomic DNA samples were isolated from mouse tail or toe snips using the Puregene ® Tail DNA method (Gentra, Minneapolis, MN, USA) and adjusted to approximately 50 ng/μL. Mice bearing four different Cre transgene alleles were studied: SynICre (6), TetOpCre (7), Nestin-Cre, and Wnt-Cre, as well as two other transgene alleles: the Sleeping Beauty transposon T2/Onc (8) and enhanced green fluorescent protein (EGFP) (7) .
For each of the three transgenes analyzed, two MLPA probe sets were designed (see Supplementary Table S1 available online at www.BioTechniques. com) to have amplification products of size approximately 120 bp and approximately 170 bp. Three control probes elsewhere in the mouse genome were used, with amplification products ranging in size from 108 to 136 bp. Each probe set was composed of a 5′ and a 3′ half-probe, each containing unique target specific sequence, stuffer sequence, and universal primer Robust method for distinguishing heterozygous from homozygous transgenic alleles by multiplex ligation-dependent probe assay Electropherograms of heterozygous (+/-, left panels) and homozygous (+/+, right panels) SynICre DNA samples with varying ratios of 5′ half-probe to competitor (from top to bottom: 1:0, 1:1, 1:2). Note the high ratio between the cre1 peak and the control peaks in the absence of competitor, and that the peak for each of the Cre probe sets (cre1, cre2) becomes smaller as the proportion of competitor is increased. (C) Representation of peak height ratios. Using the same data as in panel B, the x-axis is percentage competitor relative to transgene-specific 5′ probe (100% corresponds to 1:1 in panel B). The y-axis values are the peak height for the transgene probe divided by the average peak height for the control probes. Signals for homozygote and heterozygote are shown in blue and red color, respectively. Table S1 and Figure 1A ). All probes were synthesized at 100 nM scale and purified by polyacrylamide gel electrophoresis (PAGE; Integrated DNA Technologies, Skokie, IL, USA). 3′ half-probes were synthesized with a 5′ phosphate to facilitate ligation. MLPA was performed as described previously (5, 9) . Briefly, 250 ng DNA in 5 μL were incubated at 98°C for 5 min; after cooling to room temperature, it was mixed with 1.5 μL transgenespecific probes mixture (containing 1.5 fmol each probe and 0-3 fmol each competitor-probe) and 1.5 μL SALSA hybridization buffer, then denatured at 95°C for 2 min and hybridized at 60°C for 16 h. Hybridized probes were then ligated at 54°C for 15 min by addition of 32 μL ligation mixture. Following heat inactivation, 10 μL ligation reaction was mixed with 30 μL PCR buffer, heated to 60°C, mixed with 10 μL PCR mixture (SALSA polymerase, dNTPs, and universal primers, one of which was labeled with fluorescein), and subjected to PCR amplification for 30 cycles. All reagents except probe mixes were from MRC-Holland (Amsterdam, The Netherlands).
Amplification products were diluted in water and then 1:9 in HiDi™ formamide (Applied Biosystems, Foster City, CA, USA) containing 1/36 volume of 500 ROX™ size standard (Applied Biosystems), to a final dilution of 20-to 200-fold, and then were separated by size on an ABI Prism ® 3100 Genetic Analyzer (Applied Biosystems). Electropherograms were analyzed by GeneMapper ® v3.5 (Applied Biosystems), and peak height data were exported to an Excel ® table.
MLPA analysis for three different transgene sequences demonstrated that the signal intensity (peak height) from the transgenic allele was typically much higher than that seen with single-copy sequences ( Figure 1B , top 1:0). For example, the ratio of the peak heights for two different homozygous Cre recombinase transgenes studied were 6.5 and 5.4 for one Cre probe set (cre1) and 3.5 and 3.3 for a second, longer Cre probe set (cre2), respectively. This ratio reflects the copy number of Cre sequences in each of these transgenes.
Normalization of peak height data was done by dividing each transgene peak height by the average signal from three control probes, followed by division by a similar value calculated from a set of reference samples known to be heterozygotes for the transgene allele. This calculation demonstrated that all three categories of transgene genotype, homozygous absent, heterozygous, and homozygous present, were usually easily distinguished in a blinded analysis of multiple samples for the six different transgenes of three different types (Supplementary Figure  S1) . Results were confirmed for one allele (SynICre) in a blinded manner by comparison with genotype status as determined by breeding, with perfect concordance.
However, the high ratio of the transgene to control peak heights for most transgenes (five of six studied here) led to difficulty in two ways. First, repeated capillary runs at different dilutions were often required to achieve signal intensity within the dynamic 
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Benchmarks range of quantitative detection for the peaks being analyzed. Second, highly unequal probe intensities appeared to lead to higher variability in peak ratio determination. Therefore, we explored the utility of competitor probes to selectively reduce signal from the transgene allele probe sets. Competitor oligonucleotides were identical to the transgene allele 5′ half-probes, but lacked the stuffer and primer specific sequences, so that they would not be amplified in the PCR step of the MLPA procedure ( Figure  1A right and Supplementary Table S1 ). Inclusion of competitor oligonucleotide at a 1:1 or 2:1 ratio to the transgenespecific MLPA oligonucleotide probe led to a proportional decrease in the peak heights from the transgene alleles relative to control probe sets, as expected ( Figure 1, B and C) .
Competitor oligonucleotides were then used for the analysis of five transgene alleles that had a high copy number. In each case, the competitor used at a ratio of 2:1 brought the transgene allele peak height down to values similar to those of control alleles. To further simplify interpretation of allele signals and distinguish heterozygotes from homozygotes, we created a scatter plot for all samples analyzed for a single transgene (Figure 2) . The xaxis value on the scatter plot came from one transgene-specific probe set, and the y-axis value came from the other transgene-specific probe set. Individual DNA samples were observed to form three tight clusters when plotted in this way, which corresponded to the three possible genotypes. Notably, these clusters were more compact when competitor oligonucleotides were used, making peak heights more similar and enabling higher confidence in genotype assignment. To formally test this impression, a comparison was made between MLPA without competitor and with a 2:1 competitor ratio for analysis of the EGFP transgene. The standard deviations for normalized signals from heterozygotes and homozygotes were 0.120 and 0.088 without competitor, and 0.021 and 0.038 with competitor (Figure 2) , indicating the value of use of the competitor.
In summary, we have developed a robust MLPA method for genotyping of transgene alleles, for six different transgenes of three different types. The method is inexpensive and fast and can be implemented in any molecular DNA laboratory with relative ease, particularly those with MLPA experience. It should prove useful in genotyping the vast number of transgene alleles in common use and is a desirable alternative to other methods of determining zygosity.
